" Continuous-flow precipitation of HAp was studied in two ultrasonic microreactors. " A tubular reactor and a novel Teflon reactor were investigated. " Laminar flow and segmented flow were both evaluated. 
Introduction
The preparation and properties of nanoparticles have received considerable attention due to their wide range of applications in fields such as biomedicine, electronics and optics. But synthesis of nanoparticles with controlled size, shape and composition remains a challenge [1] . The current approach based on wet chemical synthesis in stirred tank yields particles with rather broad size distributions because of the low mixing efficiency and wide residence time distributions [2, 3] . In order to overcome the limitations associated with this type of reactor, microfluidic devices have been studied. Their intrinsic small volume allows a reduction of energy costs, reagent consumption and waste generated, as well as improved safety. Besides, their high surface to volume ratio, efficient heat and mass transfer characteristics, vastly improved fluid mixing, allowing a better control of the reaction steps that govern particle size distribution, i.e., nucleation and growth, and thereby improving the monodispersity of synthesized nanoparticles [4] [5] [6] [7] [8] . Moreover, microfluidic reactors have the ability to operate within continuous flow regimes, which besides being more productive and able to promote more homogeneous reaction conditions, yet permits the continuous variation of the chemical composition of the reaction medium [6, 8] .
However, there are difficulties accompanying the handling of solids in microfluidics, such as transport behavior [4, 6] and channel clogging [9] . Microreactors are usually characterized by geometries with a low Reynolds number. In such channels, laminar flow is dominant and is characterized by a parabolic velocity profile, leading to residence time distributions. In this context, it has been shown that segmented-flow microreactors can narrow the residence time distribution by carrying out reactions in segmented liquid slugs, gas-liquid segmented-flow reactors being particularly attractive due to the simple separation process of the gas from the liquid [8, 10, 11] . As to channel clogging, it can be caused by particle aggregation, which can significantly be reduced by the use of ultrasound. Cavitation breakups aggregates and shortens contact time between particles thus preventing formation of channel clogging [12] .
Calcium phosphates, and especially hydroxyapatite Ca 5 (PO 4 ) 3-OH (HAp), are widely used as bone substitute material due to their similarity to the mineral portion of bone [13, 14] . It is known that HAp particles characteristics, such as size, size distribution and chemical composition, are directly related to HAp properties such as biocompatibility, bioactivity and osteoconductivity [15, 16] . HAp particles need to be produced with high specific surface area, narrow crystal size distribution and high purity, in order to improve bone-related cells growth around them.
In this work, two ultrasonic microsystems were used for the synthesis of HAp nanoparticles. Initially, continuous-flow precipitation of HAp was carried out in a tubular microreactor immersed in an ultrasonic bath, where single-phase (laminar) flow and gasliquid flow experiments were both performed. Continuous-flow precipitation of HAp in single-phase flow was then done in a novel microreactor made of Teflon plates, this time with the direct transmission of the ultrasound to the reactor through the integration of a piezoelectric actuator. Finally, the operating conditions, namely temperature, reactants concentration and mixing Ca/P molar ratio, were defined in order to promote spontaneous formation of HAp under near-physiological conditions of temperature and pH.
Materials and methods

Experimental set-up
Continuous-flow precipitation of HAp was first carried out in a tubular microreactor (Fig. 1) immersed in an ultrasonic bath, where single-phase (laminar) flow and gas-liquid flow studies were both performed. As it is exemplified in Fig. 1 , the reactor is constituted by two main parts: a mixing chamber (Upchurch Scientific), with two different configurations depending on the flow type, a T-mixer for the single-phase flow (Fig. 1a) and a cross-mixer for the gas-liquid flow (Fig. 1b) ; and the tubular reactor (Teflon PFA, Upchurch Scientific) itself of 600 lL, with 1.02 mm in inner diameter and 1.59 mm in external diameter. The function of the first part of the reactor is to mix thoroughly the reactants and in the case of the gas-liquid flow study its function is also to segment the liquid mixture. The segmented gas is used to separate the liquid phase in small entities (Fig. 1b and c) . In this way, the gas phase induces recirculation and enhances mixing within individual liquid slugs. The result is a narrow residence time distribution and reduced particle size polydispersity [6, 10] . The reaction progresses in the second part of the reactor.
The reactants were fed into the set-up by means of a syringe pump (Harvard PHD 2000) , where syringes were kept at 37°C through the use of thermal jackets (McMaster-Carr). With regard to the gas phase, the flow rate of nitrogen was adjusted by a mass flow controller (Sierra FlowBox). The microfluidic connections were provided by Teflon tubing (Upchurch Scientific) with 1.02 mm in inner diameter. The reactor was immersed in an ultrasonic bath (VWR model 50HT) to minimize the potential for clogging the reactor and the experiments were started with a temperature of 37°C in the ultrasonic bath.
Continuous-flow precipitation of HAp was also carried out in a Teflon microreactor with integrated piezoelectric actuator developed at MIT (Massachusetts Institute of Technology) (Fig. 2) [17] . The microreactor is made of Teflon (PTFE) plates, with an integrated piezoelectric element with a thickness of 1 mm. The channel width is 600 lm and the total volume is 1000 lL. The system has two inlets and one outlet. The microfluidic connections were provided by Teflon tubing (Upchurch Scientific) with 1.02 mm in inner diameter.
Reactants were mixed in a T-mixer (same mixing chamber used in the tubular microreactor for the single-phase study) (Fig. 3) before entering in the reactor, and thus only one inlet was used. As in the previous system, the reactants were fed into the reactor by means of a syringe pump (Harvard PHD 2000), where syringes were kept at 37°C through the use of thermal jackets (Upchurch Scientific).
HAp precipitation
HAp was synthesized by the mixing of a saturated calcium hydroxide (Sigma-Aldrich, 95%) aqueous solution and an orthophosphoric acid (Mallinckrodt, 85%) aqueous solution at 37°C, with a mixing molar ratio Ca/P = 1.33. This mixing molar ratio was defined in order to obtain the desired product, e.g. hydroxyapatite in conditions that promote the survival of cells, e.g. physiological conditions of pH and temperature. After several preliminary experiments we verified that with a mixing molar ratio Ca/ P = 1.33 we could obtain the desired product at near physiological conditions of pH and temperature. 0.5 L of both reactants was prepared with ultra-pure water (Milli Q water, resistivity of 18.2 MX/cm at 25°C) and their ionic force was adjusted by the addition of 6 mL of potassium chloride (Mallinckrodt, 99.8%) 4 M solution. To facilitate the dissolution of calcium hydroxide, the solution was agitated in a closed vessel for 24 h at 500 rpm and at 25°C, as its solubility decreases with temperature increase [18] . Then, both reactants were heated and kept at 37°C. The operating conditions used are presented in Table 1 .
Temperature (J-KEM Scientific) and pH (needle-like tip micropH electrode, Thermo Fisher Scientific ORION) were measured at different time intervals at the outlet of the microsystems. The pH electrode was calibrated with two buffer solutions with pH = 7.00 and pH = 10.00 at 25°C.
In a previous work [19] , HAp precipitation was conducted in batch, in a 1 L stirred tank, under the same conditions of reagents concentration, mixing Ca/P molar ratio and temperature. Carbonated HAp of B-type was synthesized, particles being collected after approximately 6 h at a final pH close to 7. Results obtained in that work will be used for comparison.
HAp characterization
Samples were withdrawn at the outlet of the microreactors, centrifuged (at 1500 rpm for 5 min), washed twice with ultra pure water and conserved in ethanol (Koptec 200 proof pure), which stops the solid-liquid reaction [20] . For X-ray diffraction (XRD) (PanAlytical X'Pert PRO MPD), scanning electron microscopy (SEM) (FEI Quanta 400FEG ESEM/EDAX Genesis X4M, with an accelerating voltage of 20 kV) and transmission electron microscopy (TEM) (HR-(EF)TEM JEOL, 2200FS/EDS Oxford, INCA Energy TEM 250) studies, suspensions were dried at T = 80°C during 24 h. For SEM analysis samples were covered by a 10 nm gold layer and for TEM analysis powders were suspended in ethanol and a small drop of the suspension was fixed on a support (Carbon film on 400 mesh, Monocomp). For Fourier transform infrared spectroscopy (FTIR) spectroscopy (Bruker Vertex 70 with MCT detector), a small drop of the suspension was put on a 1 mm thick ZnSe support, dried (80°C) to evaporate the ethanol and then analyzed. Finally, for particle size distribution analysis, suspensions were collected at the end of each experiment and directly analyzed using a Malvern Mastersizer 2000 apparatus.
Results and discussion
Important parameters in the precipitation of HAp
In this work, experiments were conducted under near-physiological conditions of temperature and pH (Table 2) , which is particularly important when preparing HAp for medical purposes. Indeed, it is important to follow specific criteria for pH and temperature in order to promote more conductive conditions for the survival of bone-related cells [15] . Furthermore, from a thermodynamic point of view, these conditions favor the precipitation of HAp, since at body temperature and pH between 4 and 12, HAp is the most stable calcium phosphate salt [21] . However, considering the kinetics it does not imply that HAp is the only calcium phosphate to precipitate [22] . Therefore, diluted solutions were used (Table 1 ) to obtain low supersaturation and promote the formation of a homogeneous solution of hydroxide and calcium ions, so allowing a better control over the reaction conditions [19] .
The continuous use of ultrasound could explain the increase in the temperature (Table 2 ). In fact, ultrasonic waves produce heat when passed through a substance due to the transfer of ultrasonic energy, making the maintenance of isothermal conditions difficult in the systems used. The problem is magnified in the Teflon microreactor, not only because of the higher power input but also because of the smaller area of irradiation [23] as compared to the tubular microreactor immersed in the ultrasonic bath. In the case of the tubular microreactor, the emitted ultrasonic waves first need to cross the liquid inside the ultrasonic bath (e.g. water) before reaching the microreactor. Therefore, ultrasonication intensity inside the microreactor is lower than expected. In the Teflon microreactor, the acoustic waveform is directly transmitted to the reactor, being thus energetically more efficient and further allowing for a precise control of the operating frequency [17] . Moreover, it should be noted that the precipitation reaction of HAp is exothermic, which also could explain the observed increase in the temperature (Table 2) . Thereby, the factors mentioned above may contribute to the temperature increase. Although the temperature variation may influence the characteristics of the final product [24, 25] , no significant differences in the studied parameters are expected given the small differences observed in the temperature increase (between 0.7 and 3.7°C). Fig. 4 displays XRD patterns of the products obtained in different systems (Tubular-SPF, Tubular-GLF 1, Tubular-GLF 2 and Tef- Fig. 2 . CAD representation of the microreactor assembly: the microreactor consists of three PTFE plates, with the middle layer providing the microchannel structure, and the top layer the inlet and outlet holes. The piezoelectric actuator is integrated using PTFE housing for mechanical stability and a PTFE layer for electrical insulation. These plates are compressed using two stainless steel chucks, with holes for the insertion of cartridge heaters, and the top chuck providing the microfluidic connections [17] -reproduced by permission of The Royal Society of Chemistry. . 5 and Table 3 ), the synthesis products have a typical apatite structure. Presence of adsorbed water in the products formed is also verified, since a broad band from approximately 3700-3000 cm À1 and a peak at 1643 cm
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(bending mode, m 2 ) are observed. This may be justified by the low drying temperature (80°C) and the absence of a ripening (aging) treatment [22, 26, 27] . As to the functional groups of HAp, characteristic bands of the phosphate group, PO 3À 4 , are exhibited in all the spectra, although in some cases (Tubular-SPF) broad and unresolved. The peak assigned to the stretching mode, m S , (around 3571 cm À1 ) of the hydroxyl group, OH À , is weak in all the spectra, and the peak assigned to its vibrational mode, m L , (around 630 cm À1 ) is only visible in the spectrum of the commercial HAp. This may be due to an overlap with the broad peak of the adsorbed water [28] . Further, it is common to find substitution in the apatite structure, namely involving carbonate, CO À1 can be attributed to the vibrational frequencies of carbonate ions, which can indicate the formation of carbonated HAp [29] . Regarding the peaks associated to the HPO 2À 4 group, they are observed in all the spectra, which can be associated with the formation of calcium-deficient HAp [30] . Therefore, HAp formed seems to present characteristics similar to biological apatites, as they generally are considered calcium-deficient carbonated apatites [15] . Information on the crystallinity is also available by IR spectroscopy. It can be seen that the product obtained in the Teflon microreactor (Teflon-SPF) is more crystalline when compared to the others precipitates, especially when observing the phosphate bands around 1000 cm À1 , which are broad and unresolved in the other samples, indicating poor crystallinity [31] . Moreover, the broad band corresponding to the adsorbed water (3700-3000 cm À1 ) is much smaller than the other spectra. The noise observed in almost all the spectra and especially in the commercial HAp spectrum (1800-1400 cm
) is due to water vapor. a pH value corresponds to the final value. Fig. 4 . XRD patterns of the HAp particles produced in different reactors.
Particle morphology, size and size distribution
It was chosen to present particle size distribution results as both volume and number distributions, allowing thus to detect the presence of aggregates and to study the size of the majority of the particles, respectively. According to the volume distribution ( Fig. 6a and Table 4 ), there are significant differences in particles size distribution, depending on the reactor used. For the study conducted in the tubular microreactor, results show the formation of aggregates with a mean particle diameter (d 50 ) of 38.30 lm in single-phase flow, while for the gas-liquid flow experiments, Fig. 6a shows a bimodal population with micrometric-size aggregates and particles of about 100-200 nm. Using gas to create a segmented flow results in the formation of small reacting entities separated from each other by gas bubbles, which reduces particle-to particle interactions, and thus the formation of aggregates [17] . Nevertheless, some aggregation occurs, possibly due to the small size of the particles and their amorphous state. The particles formed possess a high surface area to volume ratio, resulting in a high surface tension, which can be lowered by particles adhering to one another [12] . Moreover, the pH conditions could favor the formation of aggregates, since the isoelectric point (IEP) of HAp varies between 4 and 6 [32] , which is close to the final pH of the suspension (Table 2) . Regarding the product formed in the Teflon microreactor, it is mainly constituted by particles with sizes between 100 and 200 nm (Fig. 6a) . Larger aggregates with sizes around 100 lm, not observed in the tubular microreactor, are also present. This could be explained by the fact that smaller particles were formed in the Teflon reactor and have thus higher tendency to aggregate. Besides, by reducing channel width and increasing , thus leading to difficulties in peak identification. b Peaks assigned to HOH in the commercial HAp are due to the water present in the atmosphere. the ultrasound power input, the probability of particles to collide and thereby to aggregate is higher [12] . Therefore, volume-based results show the formation of aggregates for the all experimental conditions studied. However, the particle size distribution in number (obtained from the conversion of the particle size distribution in volume) shows that most of the as-prepared particles are at the nanometer size (Fig. 6b and Table 4 ). Indeed, the median particle diameter (d 50 ) is around 60-50 nm for almost all the powders, except for the sample Tubular-SPF, which is characterized by micrometric-size particles.
SEM images (Fig. 7a) show aggregated nano-size particles for all the operation conditions studied. The microstructure of the HAp particles was also observed by TEM analysis (Fig. 8) . Primary particles seem uniform in size and shape, presenting less than 100 nm in length and around 20 nm in width, and a rod-like shape.
The as-prepared particles present therefore interesting characteristics for biomedical applications. Actually, nanocrystalline HAp powders exhibit greater surface area [16] when compared to microscale HAp. Moreover, it is desirable that the HAp for use in implants be bioresorbable so that it can be replaced, over a period of time, with regenerated bone upon implantation. In this context, nanoparticles of HAp have shown higher rates of bioresorbability than micrometric HAp, and close to biological apatite [33] . Further, the resorbability of HAp can be developed with improving its crystallinity degree similar to biological HAp (60-70%) [34] . show some differences between HAp particles formed in the microsystems and in a stirred tank batch reactor [19] . Particles obtained in batch appear to be less crystalline than the particles formed in the microreactors, since their XRD pattern and FTIR spectrum exhibit broader peaks (Figs. 4 and 5) . Furthermore, bands attributed to carbonate ions at approximately 1454, 1428 and 878 cm À1 are clearly observed in the spectrum of the particles obtained in batch (Fig. 5) , indicating the formation of carbonated HAp of B-type [29] . As referred in Castro et al. (2012) , presence of carbonate ions can be explained by the absorption of CO 2 from air, once the reaction system was open to air. On the other hand, carbonate bands at approximately 1454 and 1428 cm À1 are not exhibited in the spectra of the HAp powders formed in the microsystems. In this case, systems were not open to air and carbonate ions could only come from the water used in the preparation of the reagents. Regarding particle size distribution one can verify that particle aggregation was significantly reduced in the segmented-flow tubular microreactor and especially in the Teflon microreactor (Fig. 6a) . Further, smaller primary particles were obtained in the Teflon microreactor (Fig. 6b) . Regarding morphology and size of the HAp particles, in all the reactors rod-like shape nanoparticles were formed (Figs. 7a, b and 8 ).
Conclusion
Continuous-flow precipitation of HAp was studied in two ultrasonic microreactors, a tubular microreactor immersed in an ultrasonic bath and a Teflon microreactor with integrated piezoelectric actuator. The as-prepared particles, irrespective of the system used, consisted of nano-size calcium-deficient carbonated HAp particles, thus approaching biological apatites. Moreover, particles were obtained under near-physiological conditions of pH and temperature, making them promising compounds for bone substitution application.
Several configurations were tested in the tubular microreactor (single-phase flow and gas-liquid flow), and segmentation of the flow was successful in reducing particle aggregation. Control of aggregation was however best achieved in the Teflon microreactor, primarily due to the higher intensity of the ultrasound.
Synthesis products were also compared to the product obtained in a stirred tank batch reactor. The HAp particles formed have proved to be more crystalline and less carbonate contaminated than the HAp particles produced in the batch reactor. Moreover, microreactors used yielded HAp particles in a very short time and at a constant pH. Finally, particle aggregation and primary particle size were significantly reduced in the segmented-flow tubular microreactor and especially in the Teflon microreactor.
